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'I'llc I)allisil gcoi~~agtlctic ~llicrosateiiite, @rsted, isanautor]oI]]ous scicrlcecraft  \v]~ici]  issc]lcdLlicd  fora May 19971 aunch
into poiarorbit.  ]t isprodt]ccd  byaconsorlitltll  ofutliversities,  illdus[ry arldgovcr~~ll]ent  and is I)cnnlark’s first national
spacccraf[.  NASA sopport includes J1’1,  real sky evacuation of its star tracker, the. Advanced Stcilar Compass (ASC).

‘1’}Ic  ASC feature low cost, low mass, iow power, low mag,nctic  disturbance, autonomous operation, a high icvei of
functionality ancl the high precision. ~’hese features are enabled by the use of advanced optical and electronic design which
pcrlnit the direct integration of the ASC and the scicncc  payioaci. ‘J’l)c  ASC provides the required attitude information for its
associated vcctor]oagneton]  cterand  thcscicncecraft.  It consists oftwoorlits,  aCCl)bascd camcrahcadand  a data
proccssil~g unit witi]  a powerful microc.omputcr.  ‘1’hc  microcomputer contains two large star data bases which enable the
cotllpu[er  torccog,tli~,e star pat[ern.s inthcficid-of-vicw,  toqoickiysolvc  the iost-in-space  acquisition problem andtodm-ive
the at[itudc ofihe ASC camera head.

‘1’bc flight mock] of the camera head has a ~nass and a power consumption of 127 granls  (witilout  baffle) and 0.5 W,
rcspcctivc]y. ‘J’ypicai, beginning-of-life, reiativc ][lcasurenlcnt prccisions  in pitch and yaw arc in tile order of two arcscconds
(1 o) or better have been achicvcd in the tests and arc substarltiated.
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1.0 lN’1’I<OI)LIC:’1’I{)N

‘1’hc @rsteci sciencecraft  is I)cnrnark’s first national spacecraft. It is a nlicrosatc]ittc  cicsi~ncd for a polar orbi[ing geomagnetic
mission. l,aunch  is schcdulcd for May 1997. ‘i’he Qlrsted project is being unciertakcn  by a I)anish  consortium of Universities,
]ndust[y  and Cic)vcroment.  It wili be the first precision n~appirifi of tllc Ikirth>s rnagrlctic  field since the NASA Magsat
satellite nclv in the late 1970s. r

Sup~]ort  for the @rstc.d  mission is intcrllational.  CNIiS of lrance  is sui~i)iying  a scalar rnap,netometcr. I)ASA  of Germany  is
supi~lying  environmental testing and magnetic calibration. l’hc US space ap,ency, NASA, is supplying the ]aission with
iau~~ch scrvicesj a JI)I, I’utbo Rouge Globai }’osition  System receiver (G1’S), scic.ncc data reduction, analysis, and
irlterprctation,  and JJ’I, evaluation and review of tile Aclvanced  Stciiar Conlpass  (ASC) star tracker.

‘l”Iw ASC is mounted on a bc)orn 6n] from the sc.ieocecraf[  bo[iy, The ASC provicies precision attitude reference fbr the vector
rna:,nctornctcr.  Rcdoce(i precision attituclc reference information is supplicci for ti~e attitude controi of the .scicncccraft. ‘J’he
ASC is a second gcnc[ation class of CCI) star tracker, incor~mrating,  full autonomy, including, an intcraai solution ofthc  lost
in space problcrn.

3’lrc  ASC is iIouscci in two asscrnblics, the Camera IIcad Llnit (C} ill) arid ti)c I)ata l’1-occssinp,  Unit (1)1’LJ)2 . “1’hc en~inccring
mo(icl (liM) of the Cl IU is showrl  in l;igurc 1. ‘1’he I;M differs from the ffi~,ilt model in its usc of an aiurninurn electronics
case, a brass icns bartcl anti a planar mount.



Figure 1, ‘l’he Iihf C]]u

‘1’hc  C1l LJ uses rr Sony CI)X039AI, CCI) and its associated driver lC set. ‘1’he CCI) has 752x582 pixels each with an cffectivc
dimcmsion  of 8.6iln~ x 8.3 pm. The CCI) is an interline, irlterlacccl CCI) with a micro lens for improved fill factor and
scmitivity.  ‘1’he  Cl IU lerls is custom desi~ncd for this star tracker arid its point spread function is optirni~ed to cover multiple
pixels with a rniniruurr~ amount of defocusing, resulting in improved stability over a wide rarl~e of ternperatlrrcs.  ‘1’he  ASC is
desig,ncd and tested to operate irl space with a total dosage of up to 10 Kl{ad.

Kcy parameters for tbc Orstcd flight model ASC arc listed in “1’able 1.

‘l’able 1. ASC key parameters

A block dia~ram of the ASC is shown in Figure 2. “1’he  CIIU g,cncratcs  arl ar]alog video signal w’hic}~ is cli~iti~cd and storecl
by the frarrlcp,rahbcr  in the 1)1’U. l’hc irnap,c can bc read either by the C}’LJ (in normal mode) or by ar~ extenml device (irl the
cr~lcr:,cncy bypass nlodc). “1’he Cl)Ll calculates the attitude basecl on the imap,c and the star catalo~, stored in a } I:irnming
code protcclcd  ~ncrnory, All comrnunic:itiorls arc routeci  thOU@l  the tc]crnctry interface in fu]]y packetiz,ed form.



‘1’he flight processor is a 50-M}Iz  ]ntcl 80486 processor rwnning at 20 Ml IZ ‘1’he  program, data and status parameters are
doww]oaded  from a llamrning  code protected (2 bits detection, 1 bit colrcction) 2-MIlytes flashram to the 4-MIlytes I)RAM.

‘I”hc 1)1’LJ is equipped with multiple protection mechanisms. All major  chips arc individually protected against latchup by
power shutdown which is triggered by over current. ‘1’he ASC is also equipped with a woodpecker. l’his is an RC circuit
connmted  to the reset line. A special command needs to bc issued at regular intervals, or {he ASC will be met. ‘1’hc inherent
protection nlcchanism ‘Lptotected mode” in the 486 architecture is alsc) fully utilized to detect and trap errors. l’he ASC has a
police program that will reset the ASC if an operation stops. ‘1’hc.  ASC bitwashcs  the hamming coded mmory  at i-e~ular
intervals. All programs, data and system settings (except fc)r a small bootstrap in Racl hard fuse linked PROM) can bc
uploaded durinp, flight.
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‘ l’i.gure ?. }Jlock cliag[arll of the ASC

Afler the I)PLJ ~airls  access to the cli.gitimd  image it analyzes  the star positions irl order to calculate the pointing,  direction of
the boresight ar;d the roll angle around it, ‘1’he  actual irnap,e  processing applied to the irnag,c depends on several conditions.

]n normal operation the at~gu]ar  difference between two consecutive ima~es is small enough to mlable,  first, sifting the image
for stars, then, deriving star ccntroids, and finally, applying corrcctiorls. Ilasecl on the previous attitude quatcrnion  altd the
star catalog, an artificial star irna~e is created. “1’hcn a spherical, least squares fit between the images is performed. Finally,
astrononlical cor-rcctions  (precession, nutation,  ]ig,ht time aberration) arc applied to the attitude quaternion.

]n a number of situations, c.8., after power  cycling or after Sli[ls  (sing]c event upsets), the previous attituc]e is inadequate or
lnissing. In this case an aciditional ima~,e processing step is inclucled, the initial at[itac]e acquisition. ‘1’he  initial attituclc
acquisition is a pattern rcco:,nition ofthc  strrrs ill the IQV ancl it is dc)nc by measuring the distance to the first and second
nci:,hbc)rin:, stars ancl the angle between them, creating a ‘triplet.’ All corlccivablc triplets on the celestial sphere fronl  the
bripllltcr  stars arc included in the star cJatabasc3. A fast and rchust solutiorl  is achieved by matching the measured triplets
a:,ai[lst the internal database.

2.0 ‘I’l IIc IVAI  ,LJA’I’1ON A“l” l’AI\l.1~, MOLJN’I’AIN  01lSF,RVA’1’0R%

‘J’hc I;M ASC was evaluated at the J1’1,  operated facility at “1’able Mountain observatory, CA (i’MC)) on I)cccrnbcr 9, 10 and
11, 1995 when its Cl Ill was mourltccl on a 24 inch telcscopc.  No obscrvaticms  were rnacic through the telescope, it only
scrvecl :is a poilltitl~ mou~lt  for tllc C] IIJ. “J’hc  Cl ]U was mounted on the frorit of tlm telescope. ‘1’lw two instrulnents were
only coarsely :iligncd relative to each other. Therefore, the an:,lc between their rcspcctivc bomig,hts was estimated to bc as
larp,c as 2° or 3°. l~ip,urc  3 shows the l;M C}l LJ rrlounted  on the frront of the telescope.



I’igure  3. l{M CflLJ moulltcd on the 24 iach tclescopc

I)uring the evaluation program, two series of n~casurcmerrts  were acquired. I’hc first series was taken with the telcscopc
tracking specific celestial coordinates. It was used to clerive the N1;A (Noise I{quivalcnt  Angle) of the ASC. ‘1’hc second
scl-ics was acquired with the tclescopc pointing towards zenith. It was used to de[ ive the relative accuracy of the ASC. l’hc
images were acquired with a 1)OS based personal ccm)pu(cr using a l)cntiutn processor and a framcgrabbcr  instead ofthc
actual flight II1lU.  ‘J’his was done because it was desired to store all of the frarrlcs on the computer hard disc to enable later
Challgcs in the data rcduc[ion. q’he flight syslem uses precision lime from a Gf’S receiver in the reduction of each fralne to
calculate the light time abcrratiorl as well as time statnpinp,. Since no CiPS receiver was used with the EM systcrn, the tirac
that each fralnc was acquirccl was only known to within a}lproximatcly one second. This limited tile systenl pointing,
knowledge and the ultimate I’M accuracy. ‘1’hc  irnap,es in this I’C based JiM system were separated by approximately 4
seconds (rnairrly  limited by the speed ofthc  PC data storap,c).

3.0 VARIA’I’JON  01+’ “1’111;  A’J’’1’1’J’UI)1;  NS’1’JMA’J’E,  l~JRS’J’ I)AI’A SltItIICS

1 hiring the first scr-ics the tclcscopc was commanded to track the celestial sphere at coordinates of & 34.24°, u’ 3111 ltn,
star(irtg  at mnith. ‘] ’his series  inc]udcs 572 irnap,cs. I luring the series, the ce]cstial coordinates of the attitude were cor}stant,
aIIcl consequently tllc tracked star tlclc{s were approxin}ately constar)t.  “1’he ima~,c frames can bc usccl to dc.ter-mine the NItA
of the systcm, rmcl obtain statistics of the individual star positions. i~igurc 4 through 6 show the declination, rig$t ascension
and rc)]] anp,]c  outputs ofthc  ASC for all ofthc  frarucs  acquired in the series.
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A statistical analysis oftbe variation oftbe attitadc angles was done by assuniirlg that tbe mean valaes oftllc  an.g]cs
constant, A Gaussian distribution was assumed. ‘1’hc  results arc given in ‘1’able 2.

“l’able 2. NIIAS  in cclcstial  coordinates

ASC referenced pitch and yaw N1;As were derived by a g,cornctric transformation of tbc celestial rcfererlcccl  NIIA’s
dcpictcd  g,rapbica]ly  by tbc ellipse in b’igure 7.
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l;igure 7. Rckrtionship  of NllA in cclcstial  coordinates to NI;A in irlstrurnent ccmr-dirmtcs



‘1’hc resulting values arc given in l’rrble 3.

I’able 3. Pitch ancl yaw values of N1{A

11 is observed that the NIiA is not equal in yaw and pi[ch. l’hc explanation for this is threefold. l;irst of all, the Cl lU was
]nountcd on a tclescopc that was tracking. ‘1’he  tclmcopc was equatorial mounted, i.e. it n~ainiy used one motor to track tbc
siclcrcal rate. IIencc, telcscopc motor noise is primarily adclcd in the right ascension direction. Next, the CIILJ is operating in
intcr]accd  mode. ‘I”his implies that the al~orithm deriving the centroids  is operating differently in yaw and pitch, resulting in
different performance in yaw and pitch. Finally, the angular resolution is not the same in yaw and pitch.

It should bc noted that in J~igurc 4- l;igure 6 there is a drift. ‘Jhis is most likely an artifact of the data taking, including
atmospheric effects. ‘J’his artifact ]nakes the measured NI{A larg,cr tharl that ofthc  ASC itself.

4.0 I{ E1.AI’l VIC ACCURACY, SJWONJ) lMAGIt SII:I<IIM

‘1’hc second series of 342 irnagcs was taken with the tclcscopc poirlting at zenith, Zenith was chosen because the perturbation
of tllc airtnass was the svnallest  here. Ily exanlining  the variation of the declination and roll angle, or the rate of change ofthc
rip~~t ascension, it is possible to dctcrminc  the relative accuracy, because the I@V  of the ASC is drif[ing across the celestial
sphere at the sidereal rate. l’hc effects ofsystcrnatic  erfors, duc to changing slar fields, arc included in the variatiorls as the
ASC locks on to different constellations of stars.

When looki[lg at nnith, the declination remains constant, wJlilc the right ascension drifts wi(h the sidereal rate, assuming the
epoch and ecluinox of the star catalog in the ASC are equal to the curlcnt time (I)cccmbcr 10, 1995, 6:15 GM7’). It should bc
noted that tllc effect ofthc airinass ofrnodifyir~g  the J~OV is inherently included in the calibration, as it is made thoug}l the
atmosphere.

‘J’hc  ou[put from the AS( during the zenith series is shown in I~ip,ure  8 and Figure 9. J’ig,ure  8 displays the clcclination output.
J;igurc 9 displays tile roll angle. While the flight ASC uses precise GI’S time ami date, the JiM does not, and only utilizes the
I’C linlc with a resolution of one second, As the celestial .sphcre drifts across the 10V with the sidereal rate in the right
ascension, it is not possit)lc to reconstruct this value, as one second corresponds to 15 arcsec.  and consequently will donlinate
tltc mcasurcrncnts.
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A statistical aualysis of the variations of the angles was done by awumiaq, that the means  of the angles were constant. A
Gaussiaa ctistr ibutic)tl was assumed, “J’hc  results arc ~,iven  ia ‘1’able 4.



I’able 4. Relative accuracy

.

While NI;A has several components including terms with relatively high temporal frequencies, it dots not include enors
causecl by changing star patterns, nor crilibrat  ion error tcrrns. “1’he error tcrrns wI] ich are caused by changing star pzitter-ns can
bc rnrasured by the zenith pointing, second data series, with its inherent varying star frclds.

If the lens correction function, the ccntroiding,  the star catalog etc. were ideal, the NIiA of the tracking and zenith series
would be the same. Ilowcvc.r, there will always bc correction residuals so that the relative error of the zenith series will be
hi[[hcr  than the N1lA  of the tracking series. l’his is confirmed by the n~easurcjncnts  of about one arcsec and two arcscc,  for
NliA and relative accuracy respectively (both 1 axis, 1 o).

It should bc noted that NLiA and relative accuracy are terms in t}~c larger err-or budget. q’hey are both referenced to the CC[l
image itself. ‘J’hc  absolute accuracy is referenced to the ASC, C.}IU n]ountinp,  interface which is the rcfcrencc for the
scicncecraft and its payload. Many mechanical paths relate these terms to the CIIU mounting. 3’hc CC.D and lens move
relrrtivc  to the reference. ~llesc shifts in position arc criused by mounting uncert:iiaty, launch loads, g,ravity release,
te.rnjxraturc  chanp,es, etc. 3“11c  CIIU nlinirniz,cs  the mounting uncertainty term by employing a precision three ball bearing,
kincnlatics mount. Otbcr  terlns in the crlor budget inc.ludc.  calibration, or knowledge terms. In sum, the absolute attitude
error ofthc borcsight  pointing is estimated to bc a fcw arcsec higher than t}lc measured relative accuracy.

5.0 N1tA OF ]NI)IVII)IJAI,  S’I’ARS IN 1’111;  l’JtACKING  SJIJ{l  ES

“1”o fur[hcr analyze., and if possible, to decompose the rela[ivc position erlor, we chose tc] measure the relative precision of
each oftbc individual stars.

I’hc tracking series includes 572 images of the same star scene. 3’l)c  average number of stars in cac}~  irna~c  is 50.1 :ind 45 of
tlicn) arc dctcctcd iri 500 frames or more. ‘1’hc riuri~bcr  varies due to occasiorlal  satellite over fly and dim stars droppiilg
below the detectiorl threshold. J’iglirc  10 shows a typical irilrrgc  from the series.

l;ig~irc 10. “J’ypical trackirtp, series ilnage f[arrlc



.

‘1’hc  spatial position variation of the 45 individual stars was calculated for the more than 500 images in which they were
included. ‘1’he  mean position and the position RMS varirrncc from the mean were calculated, assuming a fixed position for
cacti star, ‘1’hc  averages of the spatial variations are displayed in ‘l’able 5.

I’able. 5. Position variations of individual stars

6.0 J’OS1’I’1ON 1? IH311)UA1,  ON lN1)IVII)LJAI. S’I’ARS  IN TIIK ZKNIT1l  POINTING SERIF,S

‘1 ‘he NI;A of a star position is an important component of the error budget. I lowever,  the error between the star position and
the star catalog position is usually much larger, because it includes leIIs distortion, ccntroiding effects, CCI) position shifl etc.
“1’his larg,cr error wc define as the. “star position residual”. J:igylre  11 shows an artificial least squares fi$ between a synthetic
star image and a star czitalog frarnc.  Solid circles represent the s[ar catalog and the white circles the measured stars.
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Figure I 1. Graphical illustration of the position residual

As, expcc.teci,  these residua}s  varies from star to star and from ima~,c to image. in ];igurc 12 ancl I;igurc 13, the J>robability
distributions of tllc residuals in pitch and yaw for all stars in all images in the zenith series as shown:
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It is obsetvccl, that the, position residual of a s[ar is approxin~atcly  15 mcscconds.  ‘1’his  should be compared to the N1;A  of
approximately 3.5 arcseconds.  ~’his indicates the level of true noise ad systematic cr[ors  in the ASC.

7.0 MAC NII’lJI)E S’I’AIII1,II’Y

A sip,nificant  property of the ASC is its ability to determine the brightness of a star and the stability of that wrluc,  even
thoug,h these are only used for thre.sholding in the initial atlitude acquisition and tracking algorithm.

‘1’hc  star brightness is determined by summing the net pixel intensity values (those above the backgrounci level), in the C1OSC

vicinity of a star. ‘1’he variation in star brightness is deterinined  frotn its net totzil value change over multiple fr-arncs. l’he
zenith series was used to include the effects of uneven light sensitivity across individual CCII pixels, as this effect will be
evident as a star image moves across a pixel at the sidereal rate, ‘1’hc variation in intensity for a typical star is shown in Iiigure
M.

l~or tbc typical star in Figure 14, the brightness variation is 1 S. 1% ItMS. A total number of 346 frames was used. l’he
average number of stars per franlc remained at 50.1 will) 45 of these appearing in more than 2S0 frames, l’hc resulting
average l{MS brightness variation (b) is derived from the 45 stars:

b 13.4% z 2.5°” J” = 0.13 mag

Star magnitude
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ha~e  no.

F’igure 14. Star rnagnitudc variation

8.0 CONCl  /lJS1ON

“1’hc accuracy of a star tracker is an essential parameter. Since the accuracy of a star t[-ackcr can bc measured ant] specified in
a variety of ways, it is difficult to compal-c the pcrfonnarlcc  of cliffcrcnt star trackers. l’hc principal objective here has been
twofold: I) to evaluate the N1iA and relative accuracy of the en~,inecrin.g  model of the ASC for tbc Ch-steel sciencecraft, and
2) to dcscl ibc how these arc defined and measurccl usinp, tllc real sky.



,

‘] ’he ASC was evaluated utilizing two series of real sky images obtainc[i  at the JI’1, “1’able Mountain C)bservatory.  3 hc first
series was taken while tracking the celestial sphere, and the scconcl series while pointing at zenith. ‘1’he  trackin~ series
yielded NIJ,A  values of 1.1 arcscc in pi[ch, 0,8 arcsec  in yaw, and 6.2 arcscc  in roll, all I{ MS. I’he. zenith series, measuring the
rcla[ivc accuracy, yielded approximately double these values in pitch and yaw, and 16 arcsec,  I< MS, in roll.

l’hc spatial ~~osition variations of single stars were clcduccd from the trackinp, series. l’he average values were 3.8 arcscc in
pitch, and 3 arcsec in yaw, I<MS. “1’llc average value of ttlc position residual error of individual stars was found to bc
approximately 15 arcscc I<MS in both axes.

in conclusion, the accuracy of the ASC is generally better than most conventional, commercial star trackers. This accuracy
has not previously been combined with autonomous, initial attitude acquisition capability nor such low mass and power-. q’his
real sky cvaluat ion of the ASC has ccmcntcd the advantages of simultaneously tracking rnult  iplc stars (>25).

“1’his  work has been sponsored by: NASA code YSG,  the I’ecllnical LJnivcrsily  of IJcnn~ark,  the Qrstcd project and the
]<adiopar[s  ];oundation.
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